Objectives: The aim of this study was to evaluate the efficacy of hematoporphyrin monomethyl ether (HMME)-mediated sonodynamic therapy (SDT) on porphyromonas gingivalis (Pg) and experimental periodontal disease in rats with diabetes.
Introduction
About one-half of the adult population suffers from moderate to severe periodontal diseases that are also potentially associated with diabetes mellitus [1] . The hyperglycemic environment promotes the expression of toll-like receptors in periodontal tissues, making diabetic patients more susceptible to periodontitis [2] .
Diabetes mellitus also causes differentiation dysfunction of osteoblasts, and decreased the density of alveolar bone [3] . Additionally, periodontitis can affect glycemic control in diabetic patients and induce various diabetic complications [4] .
Porphyromonas gingivalis (Pg), a Gram-negative and obligate anaerobe bacterium, is associated with many chronic systemic diseases, such as rheumatoid arthritis, cardiovascular diseases, diabetes mellitus and even cancers [5, 6] . 4 Researchers have found that Pg infection induced the expressions of TNF-α and IL-6 and might be an important risk factor for diabetes mellitus [7] . Pg, as a periodontal pathogen, utilizes multiple virulence factors, such as LPS, gingipains, and cytotoxic.
These virulence factors are helpful to breakdown the host-defense mechanisms, damage the connective tissue and cause the alveolar bone loss around the teeth [8] .
According to the systematic and retrospective reviews, scaling and root planing (SRP) is the main treatment for periodontal disease. It can effectively eliminate the dental plaque and calculus in 85% of instrumented root surfaces when the periodontal depth of pockets was 4-6 mm. However, SRP fails to remove the bacterial toxins which hide in the connective tissue and furcation area [9, 10] . The most common adjunctive therapy of periodontitis is applying the local or systemic antibiotics. However, considering the large usage of antibiotics during the therapeutic process, many bacteria may gain resistance, particularly to the tetracyclines by limiting the drug access to the cell or generating antibiotic enzymes. Moreover, antibiotics may cause some side effects, such as nausea, xerostomia and stomachache [11] .
Sonodynamic therapy (SDT) is a promising treatment for killing cancer cells using low-intensity ultrasound with sonosensitizers. When the low-intensity ultrasound reaches the target, it can activate sonosensitizers and generate reactive oxygen species (ROS) [12] . Hematoporphyrin monomethyl ether (HMME) is an effective sonosensitizer in SDT with a stable structure, lower dark toxicity, higher singlet oxygen yield to induce cell apoptosis via the mitochondrial apoptotic pathway [13] . The major advantages of SDT are its strong penetrating power, noninvasive, no 5 drug resistance and initiation of activity only when irradiated to ultrasound [14] .
Recently, many studies have indicated satisfactory results with SDT in inhibiting bacteria such as methicillin-resistant staphylococcus aureus (MRSA) [15] , bacillus cereus and escherichia coli [16] . Our previous study showed that HMME-mediated SDT could effectively inhibit the growth of staphylococcus aureus [14] . In addition, HMME combined with low-intensity ultrasound could effectively alleviate the alveolar bone loss in experimental periodontal disease in rats [17, 18] .
Although SDT has been shown effective on various bacteria, sonosensitizer-mediated SDT on Pg has not been reported up to date. The purpose of this study is to evaluate the effect of HMME-mediated SDT on Pg and the role of SDT as a repeated adjunctive treatment on experimentally induced periodontal disease in rats with diabetes. SDT may be an alternative adjunctive treatment for suppressing the alveolar bone resorption in diabetics who suffer from periodontal disease.
Materials and methods

Bacterial strain and culture
Porphyromonas gingivalis (Pg) strain (ATCC 33277) was cultured in brain-heart infusion (BHI, Difco, Detroit, MI) broth which supplied with 10 μ g/mL hemin (Sigma-Aldrich, USA) and 0.2 μ g/mL vitamin K (Sigma-Aldrich, USA). The bacteria were cultured in a 37 anaerobic chamber (5% H 2 , 10%CO 2 , and 85% N 2 ). After 5 days, the Pg suspensions were diluted with a sterile saline solution and set to an optical density (OD 630nm ) of approx 1×10 7 cells/mL. 
SDT treatment in vivo and in vitro
The HMME sterile solution was purchased from Xianhui Pharmaceutical co., Shanghai, People's Republic of China. The HMME solution was injected into the periodontal tissue between the first and second maxillary molars using an insulin syringe (1 mL) in dark. The low-intensity ultrasound used in this study was provided by Harbin Institute of Technology (Harbin, People's Republic of China), with a frequency of 1.0 MHz, a pulse repetition frequency of 100 Hz and a duty factor of 10%. After 90 min HMME application, ultrasound was applied to the alveolar bone area between the first and second maxillary molars with a connection of medical ultrasonic coupling agent. The ultrasound was released with a diameter of 6 mm and a low intensity of 3 W/cm 2 for 600s every other day, which calibrated with a hydrophone (Onda Corp., Sunnyvale, CA, USA) in degassed distilled water. All 8 animals were euthanized after 10 days of periodontal treatment.
In vitro, the bacteria suspension was cultured in the 96-well plate, and positioned in a water bath and 5 cm directly away from the ultrasound transducer (diameter 3 cm, resonance frequency 1 MHz, duty factor 30%, repetition rate 100 Hz). The ultrasound intensity was 3 W/cm 2 as measured by a needle hydrophone (HNC-1000, Onda Corp., Sunnyvale, CA) inside the well. The Pg suspension was divided into five groups: SDT in different HMME concentration (10-40 μ g/mL) under 10 min ultrasonic time, SDT in different ultrasonic time (2-10 min) with 40 μ g/mL HMME, different HMME concentration (10-40 μ g/mL) treatment alone with no ultrasound, ultrasound treatment alone in different ultrasonic time (2-10 min) with no HMME, and the control (no treatment).
Colony forming units (CFU) assay
After the SDT treatment in vitro, all the suspensions were diluted serially 
Statistical analysis
The histometric data were statistically analyzed using SPSS 22.0 software, and expressed as the mean ± standard deviation. In vitro, the differences of interblock were performed with a one-way analysis of variance (ANOVA). After the in vivo experiment, the intragroup and interblock were analyzed with a two-way ANOVA followed by Tukey's test. The statistical significance was set at P<0.05.
Results
CFU counting
The antibacterial efficiency of HMME-mediated SDT on Pg was showed by the CFU/mL counts. As shown in Fig. 1 , after the SDT treatment, the growth of Pg 1 0 decreased when the HMME concentration increased from 10 to 40 μ g/mL with 3 W/cm 2 ultrasonic intensity for 10 min. And 4.7 lg reduction in CFU When HMME concentration reached 40 μ g/mL (P<0.01). But there was no significant effect when treated HMME alone in different concentration (P>0.05). As the ultrasound irradiation time increased after SDT treatment, the growth of Pg decreased rapidly (Fig. 2) . There was also no significant effect when treated ultrasound alone in 2 and 4 min ultrasonic time. However, when the ultrasound irradiation time increased at 6 min, the growth of Pg reduced to 6.1 lg (P<0.01). And 1.5 lg reduction in CFU when the ultrasonic time was 10 min (P<0.01). In Fig. 3 , when Pg was treated with ultrasound (3 W/cm 2 for 10 min) at 40 μ g/mL HMME concentration, the number of CFU decreased 4.7 lg compared to the control group (P<0.01).
Production of intracellular ROS
The intracellular ROS was observed using a ROS fluorescence probe DCFH-DA by LSCM. As shown in Fig. 4 , the fluorescence was present a large number of cells in the SDT group, and a part of cells in the ultrasound alone group, but a few cells in the control and HMME alone group. Furthermore, the intensity of fluorescence in SDT and ultrasound alone group had a significant difference in comparison with the control group in Fig. 5 (P<0.01).
Blood glucose
As shown in Table 1 , there was no significant difference in blood glucose level among the animal in ND group at all experimental periods. After the STZ administration, the blood glucose level in D group presented a significant difference 
Discussion
Pg, as the major pathogenic microorganism, plays an important role in promoting the development and progression of periodontal disease [8] . Previous studies have reported that HMME combined with laser or ultrasound has an antimicrobial effect on whether Gram-positive or Gram-negative bacteria, such as MRSA, Escherichia coli 1 2 and even supragingival plaque [15, 16, 11] . In our previous study, HMME-mediated SDT could effectively kill more than 95% of Staphylococcus aureus [14] . In the present study in vitro, the number of Pg CFU decreased 4.7 lg compared to the control group, when treated by HMME (40 μ g/mL)-mediated SDT in Fig. 3 . Sun et al. [11] demonstrated that higher HMME concentration led to a stronger antimicrobial effect.
Our results showed that the CFU of Pg decreased when increased the HMME concentration from 10 to 40 μ g/mL in SDT. Furthermore, for same HMME concentration, the antimicrobial effect of SDT depends on the ultrasonic time. When the ultrasonic time increased from 2 to 10 min, the growth of Pg reduced 4.3 lg (P<0.01). The Pg suspension that received ultrasound alone treatment showed CFU reduction when the ultrasonic time rises to 6 min. Such observation is probably due to the effective antimicrobial action of ultrasound, as the previous study mentioned [14] .
ROS, a general term of oxygen-containing free radicals and peroxides, is related to oxygen metabolism in bacteria [19] . In normal conditions, the production and elimination of ROS in cells are balanced. ROS can activate cellular transcription factors and promote the cell proliferation and differentiation, when it is at a low concentration. However, overproduction of ROS is more reactive than non-free radicals and easily reacts with other molecules, resulting in cell membrane lipid peroxidation, protein and DNA damage [20] . Previous studies have reported that the mechanism of SDT in cancer cells apoptosis was thought to be induced by acoustic cavitation [12, 21] . Sonosensitizers are highly sensitive and selective to metabolically active cells. When ultrasound irradiates the cells, microbubbles in the liquid are 1 3 formed and catastrophically implode, then excite the sonosensitizer to produced the excessive ROS, which irreversibly damages the cell cytoplasmic membrane, mitochondrial proteins, and eventually eradicate cells [22] . In the present study, the changes of intracellular ROS fluorescence level in four groups were observed by LSCM. Compare to the control group, the ROS fluorescence is significantly enhanced in the SDT group. These findings demonstrated that ROS was excessively generated during the HMME-mediated SDT treatment, and might be necessary to induce the antibacterial effect.
Our present in vivo study evaluated the efficacy of HMME-mediated SDT on Pg induced experimental periodontal disease in rats with diabetes. STZ was used to Our previous studies demonstrated that HMME mediated SDT could effectively suppress the alveolar bone resorption [17] . This study compared the influence of SDT 1 4 as an adjunctive treatment on Pg induced periodontitis in rats with diabetes. The histometric analysis showed that whether in ND or in D group, less bone loss was presented in the SRP+SDT treatment than in the control and SRP treatment (P<0.05).
In addition, intergroup analysis (ND and D groups) showed less bone loss in the D group treated with SRP+SDT compared to the ND group treated with SRP. This could be explained by the ability of ultrasound to promote angiogenesis and collagen synthesis in damaged areas [26, 27] . Gu XQ et al. found that low-intensity pulsed ultrasound could facilitate the calcium salt deposition as well as new bone maturation [28] . Another explanation might be the antibacterial activity of SDT. Studies have indicated that SDT could generate ROS, which effectively damages the bacterial membrane, protein and DNA [29] . Thus, it might restrain the bacterial colonization, alleviate the periodontium inflammation and enhance the tissue healing.
Conclusions
In summary, our present study demonstrates HMME-mediated SDT has a remarkable antibacterial effect on Pg in vivo and in vitro. The excessive generation of ROS might be a crucial part of the antimicrobial mechanism of SDT. In addition, the results indicated that HMME-mediated SDT might be a promising complementary method for treating periodontal diseases.
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